Background: Evidence about optimal mode of delivery for preterm birth is lacking and there is thought to be considerable variation in practice.
Introduction
Preterm births are a major cause of neonatal morbidity and mortality 1 and there is uncertainty about the optimal mode of delivery at preterm gestation. 2 Studies suggest that caesarean section is associated with improved neonatal outcomes for subgroups of mothers or infants with major co-morbidities. [3] [4] [5] However, there is no difference in outcomes compared to vaginal delivery for most singleton cephalic preterm infants, suggesting that prematurity alone is not an indication for caesarean section. [3] [4] [5] Consistent with the lack of clear evidence about optimal mode of delivery, there is considerable variation in caesarean rates among preterm births. 6, 7 Variation in preterm caesarean rates may reflect differences in the demographic characteristics and health status of the source population ('casemix') as well as differences in clinical practice and hospital characteristics. Previous studies that have explored variation in preterm caesarean section rates have been limited by the lack of comprehensive data on maternal co-morbidities, pregnancy history 6, 7 and hospital characteristics. 7 There is limited evidence on the maternal and neonatal outcomes associated with variation in preterm caesarean rates. 7 The aims of this study were to describe variation in hospital preterm caesarean rates, determine whether variation is explained by casemix, labour management or hospital characteristics and determine whether variation in preterm caesarean section rates is associated with adverse maternal and neonatal outcomes.
Methods
This population-based cohort study included all women who delivered a singleton cephalic-presenting infant (Robson Classification Group 10) in hospitals in New South
Wales (NSW), Australia, between 2007 and 2011. 8 Births were categorised according to degree of prematurity and analyses were limited to hospitals with the necessary service capability for each category: 26-31 weeks (7 hospitals), 32-33 weeks (12 hospitals) and 34-36 weeks (51 hospitals). The primary outcome was the hospital preterm caesarean section rate. Risk factors for caesarean delivery were grouped as casemix factors and labour interventions, and hospital characteristics and are listed in Tables 1 and 2 respectively. The secondary outcomes were severe maternal and neonatal morbidity. Severe morbidity was measured using validated composite outcome indicators that include both life-threatening conditions (e.g. respiratory failure, cerebrovascular haemorrhage, shock and cardiac arrest) and procedures associated with severe morbidity (e.g. mechanical ventilation, blood transfusion, acute dialysis and surgical procedures). 16, 17 In order to explore the association between variation in caesarean section rates and severe neonatal morbidity at 26-31 weeks gestation, we modified the neonatal severe morbidity indicator such that births before 32 weeks or at less than 1500g were not automatically coded as having severe morbidity. 17 .
Statistical analysis
We used a multilevel modeling approach to explore variation in hospital preterm caesarean rates while taking clustering of births with similar characteristics at each hospital into account. A multilevel logistic regression model with a random intercept for each hospital was used to model the odds of caesarean section for a woman nested within a hospital. Models were fitted using a four-stage approach as described in detail by Nippita et al. 18 First, a null model with hospital random intercepts only was fit to calculate the crude hospital-level variation in caesarean section rates. Models were then run to sequentially adjust for casemix, labour interventions and hospital characteristics to determine the amount of variation explained by each stage of adjustment.
At each stage of model adjustment, the hospital specific odds of caesarean section were converted into a hospital caesarean rate and plotted in rank order from lowest to highest unadjusted caesarean section rate with 95% confidence intervals. We calculated the relative contribution of each stage of adjustment to explaining the variation in the null model by subtracting the variance of the random effect in the preceding model from the variance of the random effect in the current model, expressed as a percentage of the variance of the random effect in the null model. 18 To describe the association between variation in preterm caesarean rates and severe maternal and neonatal morbidity, we used multilevel logistic regression models to calculate hospital severe maternal and neonatal morbidity rates adjusted for casemix, using the same approach as described for modeling caesarean section rates. We produced scatter plots of the association between hospital caesarean section rates adjusted for casemix, labour and hospital characteristics, and severe morbidity rates adjusted for casemix. Finally, we modeled the association between hospital caesarean rates and individual-level odds of severe maternal morbidity and severe neonatal morbidity. Hospital caesarean section rates were grouped as tertiles (<34 weeks) and quintiles (34-36 weeks) as the primary exposure for severe morbidity. Casemix factors were included as potential confounders of the association between hospital caesarean rates and severe maternal or neonatal morbidity.
Results
The study population comprised 20,247 preterm births, including 1905 born at 26-31 weeks, 2,010 born at 32-33 weeks and 16,332 born at 34-36 weeks gestation. The casemix and labour management characteristics of the study population are described in Table 1 and the hospital descriptors in Figure S2A-D and Table S1 ). Overall, 81.0% of variation in caesarean section rates at 26-31 weeks gestation was explained.
Among births at 32-33 weeks gestation, the unadjusted caesarean rate ranged from 43.1% to 58.2% (p<0.0001). Adjusting for casemix increased variation by 49.7%. Adjusting for labour interventions explained 59.9% of the variation and adjusting for hospital characteristics explained a further 49.2% of the variation, at which point there was no evidence of unexplained variation in caesarean section rates (adjusted rates varied from 45.4% to 52.8%, p=0.14) (Supplementary Figure 3A-D and Table S2 ). Overall 59.3% of variation in caesarean section rates was explained.
Among births at 34-36 weeks gestation, the unadjusted caesarean rate ranged from 17.4% to 48.3% (p<0.0001). Adjusting for casemix explained 50.7% of the variation, with the exception of prelabour rupture of membranes (PPROM) which increased variation by 7.6%. Additionally, adjusting for labour interventions increased variation by 5.9%.
Adjusting for hospital characteristics explained 21.2% of variation. Overall 58.6% of variation in caesarean section rates was explained by casemix, labour and hospital characteristics but there was still strong evidence of unexplained variation in caesarean section rates (adjusted caesarean section rates ranged from 27.5% to 45.4%, p<0.0001)
( Figure 1A -D, Supplementary Table S4) .
Association between variation in caesarean section rates and severe morbidity
The crude incidence of severe maternal morbidity was 8% at 26-31 weeks, 7% at 32-33
weeks and 4% at 34-36 weeks gestation. The casemix-adjusted incidence of severe maternal morbidity varied between hospitals from 6% to 9% at 26-31 weeks, 5% to 9% at 32-33 weeks and 3% to 4% at 34-36 weeks gestation. There was no evidence for an association between caesarean section rates and severe maternal morbidity at any gestational age (Table 3 , Supplementary Figures S4-S6A ).
The crude incidence of severe neonatal morbidity was 89% at 26-31 weeks, 63% at 32-33
weeks and 19% at 34-36 weeks gestation. The casemix-adjusted incidence of severe neonatal morbidity varied between hospitals from 86% to 90% at 26-31 weeks, 51% to 71% at 32-23 weeks and 10% to 34% at 34-36 weeks gestation. Medium and high caesarean section rates were associated with increased odds of severe neonatal morbidity at 26-31 weeks gestation (Table 3 , Figure 5B ) but there is no evidence that higher caesarean section rates were associated with severe neonatal morbidity at 32-33 weeks or 34-36 weeks gestation (Table 3 , Supplementary Figure S4 -S6B).
Discussion
We found that variation in hospital rates of caesarean section for preterm birth was particularly pronounced for births at 34-36 weeks gestation with adjusted rates varying from 27% to 45%. In contrast, at gestations <34 weeks adjusted caesarean rates ranged from 45% to 55% with no hospital significantly different from the state average after adjustment. The latter is reassuring as it suggests that women presenting or transferring to tertiary hospitals with maternal or fetal complications resulting in extreme, severe or moderate preterm birth are receiving broadly consistent obstetric management with respect to mode of delivery. This may reflect uncertainty about the management of PPROM at these gestations. 19 However, recent randomised trial results support a policy of expectant management of PPROM at 34-36 weeks. 20 Uptake of the trial evidence may lead to a reduction in preterm caesarean rates at these gestations. As the majority of preterm births occur at 34-36 weeks gestation, variation in hospital caesarean section rates at these gestations potentially represents a substantial cost to the healthcare system in terms of the quality, equity and efficiency of health care provision. 21 We found no evidence that relatively high caesarean section rates are associated with improved maternal or neonatal outcomes. In contrast, at 26-31 weeks gestation we found evidence that relatively high caesarean section rates are associated with poorer neonatal outcomes. Previous studies have also found that caesarean section is associated with adverse neonatal outcomes for singleton cephalic infants at preterm gestations. 3, 22, 23 However, our findings may also reflect confounding by indication as infants delivered by caesarean section may have been at increased risk of adverse outcomes regardless of mode of delivery. Given that caesarean section is an important risk factor for maternal morbidity in future pregnancies and that caesarean section may be associated with adverse neonatal outcomes, 24, 25 it would be instructive to investigate practices at hospitals with relatively low preterm caesarean section rates to determine whether preterm caesarean section rates can be safely reduced.
The strengths of our study include the use of linked population-based data for a large, contemporary maternity population that represents a third of all births in Australia. 13 The variables and data sources in this study have been validated for use in research in several studies. 10-12, 14-17, 26 We have improved on previous studies of variation in preterm caesarean section rates 6, 7 by including comprehensive data on maternal co-morbidities and history of adverse birth outcomes and by adjusting for clustering of women with similar characteristics at different hospitals. We have also improved on previous work by investigating whether variation in caesarean section rates is associated with individuallevel and hospital-level severe maternal or neonatal morbidity, which is important for determining whether observed variation is 'unwarranted' in terms of health outcomes. 21, 27 Many previous studies of mode of delivery for preterm births considered all births before 37 weeks together, 6 or restricted to severe prematurity. 7 By analysing preterm births in three gestational age groups, we were able to investigate variation in caesarean section rates in clinically similar groups and demonstrate that most variation in caesarean section occurs in the late preterm group at 34-36 weeks gestation, when most preterm births occur.
Although we included data on a range of potential confounders, some variation may be explained by residual confounding caused by unmeasured risk factors. Our modelling strategy comprised sequential stages of adjustment for individual-level then hospital-level characteristics. One limitation of this approach is that variation that is strongly related to hospital characteristics, such as hospital induction rate, are mostly attributed to individual-level factors associated with these hospital characteristics, such as patient-level private obstetric care. A further limitation is that our analysis was concerned with variation in caesarean section rates given that birth occurred at a particular gestation.
However there is also variation in gestational age at which deliveries occur, due to differences in hospital practice around immediate delivery compared to expectant management.
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Conclusion
There is substantial variation in hospital caesarean section rates for preterm births at 34 to 36 weeks gestation that cannot be explained by casemix, labour or hospital characteristics. As most preterm births occur at 34 to 36 weeks gestation, how variation in hospital caesarean section rates at 34 to 36 weeks gestation can be reduced needs to be investigated, which requires better evidence on the optimal mode of delivery for these infants. High caesarean section rates are not associated with improved maternal or neonatal outcomes, suggesting that it may be possible to safely reduce caesarean section rates for preterm births. 1. <5 th percentile birthweight for gestational age 2. Placenta praevia, placenta accreta or placental abruption 3. Chronic co-morbidities include cardiac, renal, thyroid and autoimmune diseases, and asthma 
